The search for exotic Higgs decays are an essential probe of new physics. In particular, the small width of the Higgs boson makes its decay uniquely sensitive to the existence of light hidden sectors. Here we assess the potential of an exotic Higgs decay search for h → 2X → bbµ + µ − to constrain theories with light CP-even (X = s) and CP-odd (X = a) singlet scalars in the mass range of 15 to 60 GeV. This decay channel arises naturally in many scenarios, such as the Standard Model augmented with a singlet, the two-Higgs-doublet model with a singlet (2HDM+S) -which includes the Next-to-Minimal Supersymmetric Standard Model (NMSSM) -and in hidden valley models. The 2b2µ channel may represent the best discovery avenue for many models. It has competitive reach, and is less reliant on low-pT b-and τ -reconstruction compared to other channels like 4b, 4τ , and 2τ 2µ. We analyze the sensitivity of a 2b2µ search for the 8 and 14 TeV LHC, including the HL-LHC. We consider three types of analyses, employing conventional resolved b-jets with a clustering radius of R ∼ 0.4, thin b-jets with R = 0.2, and jet substructure techniques, respectively. The latter two analyses improve the reach for mX ∼ 15 GeV, for which the two b-jets are boosted and often merged. We find that Br(h → 2X → 2b2µ) can be constrained at the few × 10 −5 level across the entire considered mass range of X at the HL-LHC. This corresponds to a 1 − 10% reach in Br(h → 2X) in 2HDM+S models, including the NMSSM, depending on the type of Higgs Yukawa couplings.
I. INTRODUCTION
The discovery of the 125 GeV Higgs boson at the Large Hadron Collider (LHC) [1, 2] opens up several new experimental frontiers. The complete characterization of this new particle, including the precise measurements of its couplings, searches for Higgs "siblings", and searches for non-standard (exotic) decay modes [3] [4] [5] , has the great potential to reveal signs of physics beyond the Standard Model (SM). Among the most exciting possibilities is that the Higgs boson can provide a unique window onto light hidden sectors, consisting of particles neutral under the SM gauge groups.
The Higgs boson is one of only a few SM particles that can couple to new states with an interaction that is (super-)renormalizable. In addition, the small decay width of the SM Higgs, dominated by the bottom Yukawa coupling, means that a small, O(0.01), renormalizable coupling of the Higgs to a new, light state can lead to an exotic Higgs decay branching fraction of O(1). This makes exotic Higgs decays a prime experimental target. In many cases, these exotic decays need to be searched for explicitly as they may otherwise escape detection. In particular, measurements of the Higgs couplings to SM states only constrains the Higgs branching ratio to non-SM states to 60% [6, 7] . Thus a large branching ratio to beyond SM particles is still viable. For a detailed survey of promising exotic decay modes and their theoretical motivations we refer the reader to [3] .
One interesting category of exotic Higgs decays contains final states with four SM fermions and no missing energy: h → XX → 2f 2f , where X and X are onshell, and we here assume that they are the same particle, X = X .
1 Generically, the couplings of X determine the optimal search strategy. If X is a dark photon, i.e. the mediator of a new, broken U (1) gauge theory which kinetically mixes with the SM hypercharge gauge boson [8] [9] [10] , then the couplings of X to SM particles are gauge-ordered, i.e. the X couplings are related to the SM Z-boson and photon couplings to SM fermions. In this case, the X has an O(1) branching fraction to light leptons, making h → 4 the best discovery channel [3, [11] [12] [13] [14] [15] [16] [17] [18] [19] . On the other hand, if X is a CP-odd 2 scalar (a) or a CP-even scalar (s), it generically inherits its couplings from the SM Higgs sector. This means that the couplings of X to the SM fermions are typically Yukawa-ordered, so that its largest branching fraction is to the heaviest fermion that is kinematically accessible. For this reason, previous LHC studies have extensively focused on the decay channels h → 4b [20] [21] [22] [23] [24] [25] and h → 2b2τ [24, 26] for m X > 2m b , h → 4τ [27, 28] and h → 2τ 2µ [29, 30] for 2m τ < m X < 2m b , and h → 4µ [30] [31] [32] [33] for 2m µ < m X < 2m τ . These searches are motivated in the context of, for example, the SM with a singlet (see e.g. [3] ); the two-Higgs-doublet model with an additional singlet (2HDM+S, see e.g. [3, 5] ), including the next-to-minimal supersymmetric standard model (NMSSM) [34] [35] [36] ; the minimal supersymmetric standard model (MSSM) with a singlet [5] ; as well as many hidden valley models [37] [38] [39] [40] .
In this paper we propose a new search channel, h → 2b2µ, as a promising discovery avenue for Higgs decays to light scalars with a mass above 2m b . As we will see below, this channel represents a compromise between the dominant but difficult 4b and 2b2τ channels, and the spectacular but very rare 4µ channel. In [3] , two scenarios for realizing this decay via intermediate on-shell states were considered: h → Za (see also [41] ) and h → XX with X = s or X = a. Sensitivity to the latter scenario was only estimated at parton-level. Here we expand on this estimate and provide a more detailed and comprehensive collider study for h → 2X → 2b2µ at the LHC. We also discuss how the projected sensitivity compares to the results of previous collider studies in the 4b, 4τ , 2τ 2µ, and 2b2τ channels.
The paper is organized as follows. We first review the theoretical motivation for a search of h → 2X → 2b2µ in §II. We then discuss the sensitivity projections of this channel at the LHC 8 and LHC 14 in §III, discuss and compare these with existing sensitivity projections for other decay modes in §IV, and finally conclude in §V. Some details about fake-lepton background estimates are included in an Appendix.
II. THEORETICAL MOTIVATION
In this section, we discuss a non-exhaustive set of models that contain the h → 2b2µ decay. We only consider the SM with a singlet and the 2HDM+S models, as well as the NMSSM in particular. In these models, the h decays to an intermediate on-shell scalar, which is either CP-even (and denoted by s) or CP-odd (and denoted by a), i.e. we consider h → ss, or h → aa. We will not consider other models that can lead to this decay. It is also possible that the Higgs decays to two scalars with different masses and/or couplings, e.g. h → ss or h → aa , where s and a (s and a ) have large branching ratios to bb (µ + µ − ). We do not consider this possibility in detail here. However, if it was realized, the 2b2µ channel would obviously offer the best sensitivity to the total exotic Higgs decay branching fraction.
A. Standard Model plus a Singlet (SM+S)
A minimal modification of the SM is to add one real scalar singlet S ("SM+S") that mixes with the SM Higgs after electroweak symmetry breaking (EWSB). We take the renormalizable potential for the SM+S to be
where H is the SM Higgs doublet. We choose the couplings in such a way that S gets a nonzero vacuum expectation value (vev), breaking the Z 2 symmetry S → −S and allowing H and S to mix after EWSB. The surviving real degrees of freedom after EWSB consist of two neutral CP-even scalars, h and s. We take h to be the 125 GeV Higgs boson and s to satisfy m s < m h /2. The branching ratio Br(h → ss) can easily be sizable [3] , and the mixing between h and s allows s to decay to SM particles with branching ratios inherited from the h decay to SM particles. This means that the decays to the heaviest SM fermions with a mass less than m s /2 dominate: in the case of m s > 2m b , the dominant decay is bb. We introduce
to characterize the couplings of s to muons. The small value of ε µb explains the hierarchical structure of the s branching ratios to 4µ, 2b2µ, and 4b. At leading order, and ignoring phase space corrections, the Higgs branching ratios satisfy
Precise values, including QCD corrections that are calculated following [42, 43] , are shown in Table I . Assuming that the Higgs is produced with SM rates, and that Br(h → 2s) = 10%, one can estimate that O (20) h → 2s → 2b2µ events could be observed from gluongluon fusion (ggF) Higgs production at the LHC Run I (compared to zero h → 2s → 4µ events). While this is much less than the few hundred h → 2s → 4b events expected from associated production, the backgrounds for a W (h → 4b) search are very challenging. As we discuss in §IV, 2b2µ provides complementary information to the the usual 4b channel for an SM+S-like scenario, and may be superior, depending on how well relatively soft b-jets can be reconstructed.
B. 2HDM+S
The simple SM+S set-up can be generalized to a two-Higgs-doublet model ("2HDM") (see [44] [45] [46] for [44] . All couplings are normalized to those of the SM Higgs, and only the coupling to the heaviest SM fermion with a particular set of quantum numbers is shown. Here tan β ≡ H2 / H1 and the mixing angle α ∈ (−π/2, π/2) defines the admixture of H1,2 that make up the mass eigenstates h, H 0 . In the 2HDM+S setup, the couplings of the singlet-like pseudoscalar a are identical to the couplings of A, up to an overall mixing angle. The couplings of the singlet-like scalar s can be obtained (again up to an overall mixing angle) from the h-couplings by replacing α → α , where the free parameter α defines the mixture of H1,2 that mixes with s (see [3] for details). The couplings listed here can be used for the calculation of the singlet branching ratios in the 2HDM+S, as additional mixing angles drop out. recent reviews) with an additional complex singlet ("2HDM+S"). We refer the reader to [3] for a recent detailed review of the Higgs phenomenology in the 2HDM+S model, and only discuss the most salient features here. Much of the parameter space of these models remains unexplored by existing experimental data. (Note that the unaugmented 2HDM can also generate exotic higgs decays of the h → aa type, see e.g. [47] .)
We start by considering the four 2HDM models in which SM fermions with the same quantum numbers couple to only one Higgs field (this avoids large flavorchanging neutral currents). After EWSB, the neutral physical states of the 2HDM sector consist of two CPeven scalars (h, H 0 ) and one CP-odd scalar (A). Their couplings to the SM fermions and gauge bosons are summarized in Table II . The couplings between the CP-odd scalar and SM fermions are controlled by the value of tan β ≡ H 2 / H 1 , where H 1 and H 2 are the two Higgs doublets, as well as the Yukawa coupling type. The couplings of the two CP-even scalars to fermions additionally depend on the mixing angle α, which dictates the admixture of H 1 and H 2 that make up the mass eigenstates h, H 0 . In the decoupling limit, m A → ∞, α → π/2 − β. Higgs coupling measurements, with h identified as the discovered 125 GeV state, already place significant constraints on α and β, see e.g. [45, [48] [49] [50] .
We now add to the 2HDM model a complex singlet S, which has a small mixing with H 1 and/or H 2 . This leads to two additional physical states that are mostly singletlike but inherit interactions to the SM fermions from their mixing with the Higgs doublets: one CP-even scalar, s, and one CP-odd scalar, a. The couplings of a are entirely inherited by mixing with the pseudoscalar state A, and can be read off from Table II , up to an overall mixing angle rescaling. On the other hand, the couplings of s depend on the admixture of H 1 and/or H 2 that mixes with s. This admixture can be defined, in analogy to the doublet mass eigenstates, by an effective mixing angle α . The couplings of s can then be obtained from the hcouplings in Table II by replacing α → α , again up to an overall rescaling. (See [3] for more details.) Note that the singlet masses m a and m s , as well as α , are in principle completely free parameters of the theory, independent of tan β and α. If the overall mixing between the singlet and doublets is small enough, constraints on α and β in 2HDM's also apply to 2HDM+S, but α can take on any value. For a more detailed discussion on coupling constraints in the 2HDM+S see [51] .
The general 2HDM+S setup generates a rich phenomenology. In particular, the simple scaling of the branching ratios given in Eqs. (2) and (3) does not hold in all regions of parameter space. Of interest to us here are scenarios for which the Higgs decay branching ratio to 2b2µ is enhanced compared to its value in the SM+S model. Fig. 1 shows the branching ratios of the CPodd scalar a as a function of m a for a particular choice of tan β in the type-II (left) and type-III (right) 2HDM. While the type-II case shown provides an example with a very similar phenomenology to the SM+S model in §II A, the type-III case shown features significantly larger Br(h → aa → 2b2µ).
Above the bb threshold, the relevant branching ratios depend only weakly on mass. It is therefore instructive to look at Br(h → 2a(s) → 2b2µ) as a function of tan β (and α ) for the four 2HDM model types. The left plot in Fig. 2 shows Br(h → 2a → 2b2µ)/Br(h → 2a) as 
Branching ratios of a CP-odd scalar a in a 2HDM+S type-II model with tan β = 4 (left) and a type-III model with tan β = 2 (right). For the type-II model, Br(h → 2a → 2b2µ)/Br(h → 2a) 4.0 × 10 −4 for 15 GeV < ma < m h /2, which is very similar to the SM+S scenario, see Table I . For the type-III model, Br(h → 2a → 2b2µ)/Br(h → 2a) 1.6 × 10 −3 for 15 GeV < ma < m h /2, which is enhanced by about a factor of 4 compared to the SM+S in Table I . a function of tan β for a CP-odd scalar a, while in the right plot we consider a CP-even scalar s for two choices of α (the scalar mass is set to 40 GeV). In both cases, the maximum value of Br(h → 2a(s) → 2b2µ)/Br(h → 2a(s)) of the type-III 2HDM+S ( 0.0016) is about four times greater than that for type-I or II ( 0.0004).
The maximum value of Br(h → 2a → 2b2µ)/Br(h → 2a) in the type-III 2HDM+S model can be understood simply as follows. From Table II , the coupling of abb (aτ + τ − and aµ + µ − ) scales as 1/ tan β (tan β). Thus, keeping only the most important terms and ignoring phase space and QCD corrections,
with the maximum value given by
where
(The derivation for the CP-even scalar is identical, up to the replacement tan β → − sin α/ cos β.) Interestingly, as we discuss in §IV, the sensitivity of a 2b2µ search to Br(h → 2a) in these somewhat leptophilic scenarios is competitive with purely leptonic searches like h → 2τ 2µ, while providing a potentially cleaner final state for experimental reconstruction.
C. NMSSM
An important example of a model with a non-minimal scalar sector is the NMSSM (see, e.g., [36] for review). An additional Higgs singlet superfieldŜ is introduced to address the µ problem of the MSSM. The Higgs super-potential is given by
which together with the soft supersymmetry breaking terms results in the Higgs potential A light CP-odd scalar can be realized in the NMSSM by taking the R-symmetry limit (A λ , A κ → 0) [52] [53] [54] or the Peccei-Quinn-symmetry limit (κ, A κ → 0) [55] [56] [57] [58] . A light CP-even or odd scalar can also occur via an accidental cancellation among parameters that control their mass. Parameter scans have been conducted to search for NMSSM scenarios with a SM-like ∼ 125 GeV Higgs as well as light scalars with m a < m h /2 [22, [59] [60] [61] [62] [63] . If the a is light, current LHC Higgs data favors it to be singlet-dominated, but Br(h → 2a) ∼ O(10%) is possible in the surviving parameter space.
It is interesting to consider the possible connection between h → 2a decays and naturalness in NMSSM models. An NMSSM scenario can be considered potentially natural if radiative Higgs mass corrections are small compared to tree-level contributions.
If h = h 1 and a = a 1 , the tree-level SM Higgs mass is given by
where s ≡ S and tan β ≡ H u / H d . As argued in [36, 64] , the naturalness limit of the NMSSM is reached for low tan β and λ as large as possible (perturbativity at the GUT scale bounds λ 0.7). Since the triple Higgs coupling h 1 a 1 a 1 is proportional to λ at tree-level in the NMSSM, λ ≈ 0.7 would imply Br(h 1 → 2a 1 ) ≈ 100% if the channel is kinematically accessible, which is strongly disfavored by current LHC data. Therefore, the surviving parameter space with a sufficiently small Br(h 1 → 2a 1 ) 0.1 requires a somewhat unnatural realization of the NMSSM in this scenario.
For h = h 2 and a = a 1 , mixing in the CP-even scalar sector can help to increase m h2 [65] . The naturalness limit with m a1 < m h2 /2 is accommodated with tan β ∼ 4 − 6 and the comparatively smaller λ 0.4 − 0.5 [63] . This allows for Br(h 2 → 2a 1 ) 0.1, consistent with current LHC data. This conclusion is supported by [22] .
III. REACH ESTIMATE
In this section, we estimate the reach of the search for h → 2a → 2b2µ with 20 fb −1 at the 8 TeV LHC, and with 30 fb −1 , 300 fb −1 , and 3000 fb −1 at the 14 TeV LHC. For simplicity, we only consider a to be a CP-odd scalar and the two intermediate a's to be identical and on-shell. These results should apply, with little modification, to the case where the intermediate state is CP-even, as we do not make explicit use of any angular information of the decay.
We assume that the 125 GeV Higgs boson, h, is SMlike except for a non-zero branching ratio for the exotic decay h → 2a. In particular, we assume that h is mainly produced through ggF and has a non-zero branching ratio for the decay h → 2a → 2b2µ. Higgs production via vector boson fusion is not included in our analysis, making our projected sensitivities slightly pessimistic. The signal is simulated for the mass of a ranging from 15 GeV to 60 GeV. Lower masses of a (but still above the 2b threshold) may involve complicated decays to bottomonium and are beyond the scope of this study [66] .
We will consider three types of analyses below. A "conventional analysis" ( §III A) will make use of standard anti-k t jets (from a → 2b) with a radius of R = 0.4 or R = 0.5. For low m a , these jets are boosted and merge, so that an analysis with R = 0.2 is more sensitive ( §III B). Finally, we use jet-substructure techniques to improve the low-m a reach further ( §III C).
The dominant backgrounds are Drell-Yan (DY) production with associated jets, i.e., Z/γ * + 2b/2c/2j, where Z/γ * produces a muon pair. A secondary background arises from tt production. Backgrounds from diboson production (ZZ, W W, W Z) have small enough cross sections so that we can neglect them. Finally, it is possible for QCD multi-jet events, with two jets being misidentified as muons, to contribute to the background. These 'lepton fakes' are notoriously difficult to simulate. In Appendix A, we use the methods of [67] to estimate their importance compared to the irreducible DY backgrounds. We find that it is reasonable to neglect muon fakes for an analysis with 0 or 2 b-tags, but they may be competitive if we require only a single b-tag. We therefore limit ourselves to using either 0 or 2 b-tags in §III A and §III B; in these analyses, we find in any case that the sensitivity is not noticeably improved by including a single b-tag. However, in §III C, we consider the possibility of requiring a single fat jet with a single b-tag. For this, a data-driven estimate of lepton-fakes to determine their importance will be needed by the experimental collaborations. Cross sections for various backgrounds after applying generator level cuts as described in §III A, given by Sherpa 2.1.1. The last row refers to DY Z/γ * + 2j background with different generator level cuts, as required for the small-radius jets and jet substructure analyses in §III B and §III C. These cross sections are scaled in our reach estimates by a pessimistic K-factor of 2 to account for higher-order effects.
A. Conventional analysis
Signal, as well as DY Z/γ * + 2b/2c/2j and tt backgrounds, are simulated at leading-order (LO) by Sherpa 2.1.1 [68] for the 8 and 14 TeV LHC with the CT10 [69] parton distribution function (PDF), and matched up to three jets (i.e., for example, we include one extra jet for the signal). We ignore lepton fakes from pure QCD, as justified in Appendix A. At generator level, no cut is imposed on the signal. The generator-level cuts for the backgrounds are: p T µ > 5 GeV, |η µ | < 5 and 10 GeV < m µµ < 70 GeV. Additionally, for Z/γ * + 2j we require at least two partons with p T j > 10 GeV and |η j | < 5. Here, j refers to partons clustered into jets with the anti-k t algorithm with radius R = 0.2.
The signal cross sections are normalized to σ ggF × Br(h → 2b2µ), where σ ggF 19.3 pb and 49.47 pb are the next-to-leading-order (NLO) ggF Higgs production cross section for 8 TeV and 14 TeV, respectively [70] . Given the generator level cuts as described above, the cross sections for the backgrounds given by Sherpa 2.1.1 are shown in Table III . We then scale all backgrounds by a pessimistic K-factor of 2, to account for higher-order effects in our sensitivity estimates.
Detector simulation and data analysis are performed by an in-house software framework also used e.g. in [67, 72, 73] . This includes jet clustering with FastJet 3.0.6 [74] , application of realistic efficiency curves and isolation requirements for b-jet and lepton reconstruction, and geometric detector acceptances. The relevant detector parameters for our analysis are given in Table IV . The differences between the two detectors' capabilities are relatively minor and the projected limits for both will be similar. However, the larger jet clustering radius in the CMS conventional analysis will affect the lowmass limit. We adopt the b-tagging efficiency curve for the "MV1" algorithm at the 70% b-jet efficiency working point in [75] and the c/light-jet rejection curves with respect to b-jet efficiency (also for the MV1 algorithm) in [76] . TABLE IV : Relevant object reconstruction parameters assumed for the ATLAS and CMS detectors. εµ is the muon tagging efficiency for |η| < 2.4 (Note that our analysis relies on a dimuon trigger, which has a higher threshold than 6 GeV.) For a muon with p µ T to pass the isolation criteria, the pT of all the objects in a cone of radius ∆R efficiencies drop to (0.54, 0.1, 0.001) at p T = 25 GeV. We use the same b-tagging efficiencies for both the ATLAS and CMS analyses.
The events will be recorded using a di-muon trigger. For the LHC 8 TeV search, we impose the dimuon trigger used in [77] , requiring |η µ1,µ2 | < 2.4 and p T µ1,µ2 > 13 GeV, 13 GeV or p T µ1,µ2 > 18 GeV, 8 GeV (objects are labelled in order of decreasing p T ). We then impose several "preselection cuts". The leading jets are required to satisfy p T > 25 GeV, |η| < 2.5, and ∆R J1J2 > 0.4. On the two (leading) muons we impose ∆R µ1µ2 > 0.3. The distances between the two leading jets and the two leading muons must satisfy ∆R Jµ > 0.4 (J stands for the two leading jets (b-jets) for the analysis with 0 (2) b-tags). Events with either 0 or 2 b-tags are selected.
Following this preselection, we now impose cuts to separate the signal from background. A missing transverse energy cut of / E T < 30 GeV suppresses tt background. We also make use of the double-resonance structure of the signal by imposing mass reconstruction cuts
separately for each m a . Table V shows an example of the relative efficiencies for the signal with m a = 40 GeV and backgrounds with 2 b-tags for ATLAS at 8 TeV. Fig. 3 shows the corresponding stacked histograms for the signal and backgrounds after passing the generator level, preselection level, and higher level cuts (except for the cut on m µ1µ2 ). Despite simulating a very large number of events, our background m µµ spectra display some fluctuations after all the other cuts with two b-tags are applied. This can partially be attributed to the way Sherpa generates weighted events, TABLE V: Relative efficiencies for the signal (S) h → aa → bbµ + µ − (ma = 40 GeV) and indicated backgrounds, with 2 b-tags at ATLAS 8 TeV. All signals and backgrounds listed are simulated with Sherpa 2.1.1. The number of signal and background events after passing the generator level cuts, preselection cuts, and higher level cuts are also listed as Nev, gen., N ev,presel. , and N ev,final , respectively. (Meaningful comparisons are only possible between the latter two as Nev, gen. is biased by different generator-level cuts on signal and background.) For the signal normalization, we take the NLO ggF production cross section σggF = 19.3 pb [70] , and assume Br(h → aa) ≈ 100%, 2 × Br(a → bb)Br(a → µ + µ − ) = 1.6 × 10 −3 . The latter branching ratio factor corresponds to a 2HDM model of type-III plus a singlet with tan β = 2 (see §II B and Fig. 2 ). For the background normalization, we adopted cross sections at generator level from Sherpa (see Table III ) and scaled them by a pessimistic K-factor of 2. Events / 1 GeV Events / 1 GeV Events / 1 GeV . The left, center, and right plots represent the distributions after passing the generator level cuts, preselection cuts, and higher level cuts respectively. In the right plot, all cuts have been included except for the cut on mµ 1 µ 2 . We choose the signal size to correspond to ∼ 2σ sensitivity of our analysis. The assumptions for cross sections and branching ratios are the same as in Table V. but is more generally due to the difficulty of overpopulating each small m µµ bin in our signal region with DY+jets Monte Carlo, in order to determine the expected number of background events with high precision. However, at the level of precision of our study, this will not significantly affect our derived sensitivity reach, for which we assume a simple counting experiment after applying the above cuts, with the background expectation taken directly from the Monte Carlo prediction. For an experimental study, a side-band-type analysis would be used to estimate the SM contribution in a particular m µµ bin directly from data.
The expected 95% confidence level (CL) sensitivity to Br(h → aa → bbµ + µ − ) from 8 TeV data are shown in Fig. 4 for both ATLAS and CMS. Requiring 2 b-tags increases the sensitivity by about a factor of 3 compared to requiring no b-tags. The expected bounds are approximately independent of scalar mass for m a ≥ 30 GeV. For m a < 20 GeV, the signal efficiency drops dramatically because the two b's from the a-decay become colli- mated. In fact, in our CMS analysis (which required the jets to satisfy R = 0.5), no signal events passed the cuts for this low m a region. However, as we show in the next sections, b-tagging with a smaller jet radius or the use of jet substructure can dramatically improve sensitivity in this region.
The analysis proceeds nearly identically for the 14 TeV LHC. We apply the same dimuon trigger, reconstruction criteria, and cuts. The higher luminosity may present challenges in the form of pile-up or higher reconstruction thresholds, but they are beyond the scope of our analysis. The resulting sensitivity to Br(h → aa → bbµ + µ − ) are shown in Fig. 5 .
B. Analysis with smaller jet radius
A straightforward solution to the loss of sensitivity at low m a is to reduce the clustering radius of b-jets. Since b-tagging dominantly makes use of track-based information, and since the small-radius jets would not be used for triggering, there is in principle no obstacle to implementing such a modified b-tagger for a well-motivated analysis [78] . The achievable b-tagging efficiencies should be comparable, and the use of smaller b-jets significantly improves sensitivity of 2b2µ searches in the low m a regime. 3 We estimate the sensitivity possible with such a modified b-tagging system. The Z/γ * + 2j background is regenerated with the same generator level cuts as for the conventional analysis in §III A, except that we change the parton separation criterion from ∆R = 0.2 to 0.1. (No such requirement was imposed on the other generated backgrounds.) The resulting cross section for this background is shown in the last row of Table III . Jets are then clustered with a radius of R = 0.2 for both ATLAS and CMS, and the cut on ∆R J1J2 is relaxed to be > 0.2. Except for these two changes, we assume the analysis, including b-tagging efficiencies, proceeds identically as in §III A. The dashed lines in Fig. 4 and Fig. 5 show the resulting reach for 8 and 14 TeV. The sensitivity is significantly improved for m a ≤ 20 GeV. At higher masses, the b-jets are less collimated, and the smaller jet radius reduces the suppression of backgrounds compared to the conventional analysis, so that the sensitivity is reduced. A combination of both approaches therefore seems useful to achieve good sensitivity to all of the mass range. However, we will now show that a substructure analysis may have superior reach to the low m a region than the simple small-jet analysis presented in this subsection.
C. Jet substructure analysis
Sensitivity to the low-m a region can be further enhanced by making use of jet substructure techniques [80] [81] [82] [83] [84] [85] [86] . The main goal is to increase signal acceptance without eroding background rejection. Since the two b-jets from a decays should be symmetric, we propose a jet substructure procedure based on the mass drop tagger (MDT) [87] .
The substructure analysis proceeds as follows. Triggered events satisfying the OS muons selection criterion are clustered into R f = 0.8 fat jets with the Cambridge/Aachen (C/A) algorithm [88, 89] . The (leading) fat jet is required to have one b-tag, and satisfy p T > 25 GeV, |η| < 2.5. We use the same b-tag efficiencies as in §III A. We note that requiring two b-tags within the fat-jet will remove too much signal, as the b-tagged subjets need to presumably have a p T of at least 25 GeV to qualify as a proper subjet. If this threshold could be We then analyze the substructure of the leading fat jet passing these criteria. The two hardest subjets, identified by undoing the last step of the C/A clustering, have to satisfy the MDT criteria
and p T j1,2 > 15 GeV. We then apply the same ∆R, missing energy, and invariant mass cuts for the two subjets and the two muons as in §III A, with the exception of again relaxing the ∆R j1j2 cuts to > 0.2. The resulting 95% CL sensitivities are shown as dotdashed purple lines in Fig. 4 and 14 TeV, respectively. The low-mass sensitivity is significantly enhanced compared to the previous two analysis approaches. Similarly to §III B, the conventional analysis does better at higher m a due to increased background rejection for an uncollimated signal.
The impact of QCD multi-jet events with lepton fakes is hard to quantify for this substructure analysis without a data-driven study. For the resolved analyses, we found that muon fakes are reasonable to neglect if 0 or 2 btags are required. This substructure study requires only one fat-jet b-tag, but imposes strict kinematic requirements on its subjets. This may be enough to suppress multi-jet background, or it may be necessary to require both subjets to be b-tagged. As mentioned above, the p T threshold for b-tagging could weaken our projected sensitivity for small m a , but determining whether this is necessary is beyond the scope of our analysis.
IV. DISCUSSION
We have seen that combining the substructure and conventional analyses yields a fairly flat sensitivity of about Br(h → 2a → 2b2µ) 10 −3 for the 8 TeV LHC in the range 15 GeV ≤ m a ≤ 60 GeV. At 14 TeV with either 30, 300, and 3000 fb −1 of data, the projected sensitivity increases to several times 10 −4 , 10 −4 , and several times 10 −5 , respectively. We can convert the projected reach on Br(h → 2a → 2b2µ) to the projected reach on Br(h → 2a), but this is model-dependent. In a 2HDM+S model, for example, it depends on the Yukawa coupling type, see §II B. In Fig. 6 , we show the projected sensitivity to Br(h → 2a) from combining the substructure and conventional analyses for two 2HDM+S models, type-II with tan β = 4 (very similar to SM+S) and type-III with tan β = 2. In both cases, data at 14 TeV is required to meaningfully constrain exotic Higgs decays in these models, though in the latter case the 8 TeV constraint derived for Br(h → 2a) is less than 1. With the full HL-LHC (LHC at 14 TeV with 3000 fb −1 ) dataset, the exotic Higgs decay branching fraction can be constrained at the 10% and 2% level in these two scenarios, respectively.
In motivating a 2b2µ search, it is useful to compare its sensitivity to Br(h → 2a) to that achievable in other channels. In particular:
• Earlier collider studies for the 14 TeV LHC [22, 25] found 2σ sensitivity to Br(h → 2a → 4b) ≈ 10% with 300 fb −1 of data.
• In constraining Br(h → 2a → 4τ ) (and assuming Yukawa-ordered couplings, as we do here), the (a → 2µ, a → 2τ ) channel was found to be greatly superior to the 4τ channel [3] . Depending on assumptions for reducible background, data from the LHC Run I can exclude Br(h → 2a → 4τ ) 2−8%.
• A recent study of h → 2a → 2b2τ decay from ggF Higgs production [63] claims considerably greater sensitivity to Br(h → 2a) in an NMSSM-like scenario than we find for 2b2µ. However, we find their study to be difficult to interpret, since it makes no attempt to incorporate trigger cuts. In addition, highly optimistic b-and τ -tag rates are assumed for a low p T > 15 GeV threshold. The very tight mass windows employed also seem challenging at the LHC. For this reason, we will not consider their results in what follows, but the considered channel is interesting and deserves further study.
Based on the existing theory-level studies done thus far, in a SM+S-like scenario (which generally includes the NMSSM and type-I and II 2HDM+S), the 4b search may be somewhat superior to 2b2µ, offering a sensitivity to Br(h → 2a) that is better by a factor of a few; the 4τ /2τ 2µ channel has no exclusion power. For more leptophilic scenarios, like the type-III 2HDM+S, the 2τ 2µ search now constrains Br(h → 2a) 10 − 40% with LHC Run I data [3] , performing much better than a 4b search. Here, the 2b2µ channel should provide competitive sensitivity.
The search for h → 2b2µ is therefore motivated for several reasons. Its sensitivity to the total exotic Higgs decay branching fraction is either competitive, or close to competitive, to searches involving τ 's or only b's. Apart from the complementarity of discovering new physics in several different channels, the much cleaner nature of the 2b2µ signal makes our conclusions less reliant on the detailed modeling of τ and b-jet reconstruction at low p T . It could therefore turn out that 2b2µ is the preferred channel in either leptophilic or NMSSM-type scenarios, although of course all the above-mentioned decay modes should be studied experimentally. Finally, although we did not consider this in detail here, it is also possible that h → XX is the dominant exotic decay mode, where each scalar decays dominantly to 2b and 2µ, respectively (with e.g. X above the 2b threshold and X below the 2τ threshold).
V. CONCLUSION
Exotic Higgs decays are uniquely sensitive to light scalars that are uncharged under the SM gauge groups. We have demonstrated the sensitivity of a h → 2a → 2b2µ search for constraining theories with light scalars at the LHC. This channel can arise naturally in models like the NMSSM or other 2HDM+S scenarios, as well as in general hidden valley scenarios. We performed a detailed collider analysis for an on-shell intermediate CPodd scalar, though the results should be applicable to CP-even scalars as well, since we did not explicitly use any angular information of the scalar decay. Already the 8 TeV LHC can probe Br(h → 2a) < 1 in some 2HDM+S scenarios. With its full dataset, the 14 TeV LHC will probe the exotic Higgs decay branching fraction to light scalars at the 1 -10% level. Depending on the details of soft b and τ reconstruction, this sensitivity can be competitive or even superior to that offered by other channels that contain these final states.
For low intermediate scalar masses, a conventional resolved-jet analysis loses sensitivity due to the collimation of boosted b-jet pairs. Simply reducing the clustering radius of b-jets greatly enhances sensitivity in this region, but a dedicated jet substructure analysis may be even more powerful, fully exploiting the discovery potential for m a < 25 GeV.
The high rate of QCD multi-jet processes means that the possibility of two QCD jets 'faking' a pair of muons must be considered. This is a very rare process, occurring mostly due to heavy flavor decay inside of a jet with otherwise soft hadronic constituents that result in the muon passing isolation requirements. The rate for QCD jets resulting in a muon tag is estimated at ∼ 10 −3 per b/c-jet [90, 91] and ∼ 10 −4 per light flavor jet [67] . These backgrounds are notoriously difficult to simulate in full detail. As pointed out by [92] , even large-scale full Monte Carlo simulations still lack the credibility to predict these fake muon backgrounds, and experimental analyses rely on data-driven methods to estimate their contributions.
A framework for the simulation of fake leptons was proposed in [67] , in which differential mis-tag rates are derived from experimental information, then used to reweight event samples and hence obtain statistically reliable fake-lepton background distributions that preserve the kinematics of the source processes without simulating large numbers of events. This was successfully used to reproduce data-driven estimates of fake lepton backgrounds in [93, 94] . We will use this framework to very roughly estimate the size of QCD multi-jet background to our 2b2µ search. Given the large uncertainties, our estimate of the number of fake leptons should only be considered as qualitative.
We simulate QCD multi-jet backgrounds, together with the irreducible DY and tt backgrounds, at leading order and at parton level in MadGraph 5.1.14 [95] . We reweight the events using the procedure in [67] , then apply preselection cuts and compare the rates of multi-jet backgrounds to those of DY and tt backgrounds. Since the latter are included in our analyses (simulated to a much greater level of detail in Sherpa 2.1.1 [68] ), comparing irreducible to multi-jet backgrounds in this toy study will allow us to estimate the significance of lepton fakes to our analyses.
For the purpose of this estimate, we ignore the rela-tively small amount of momentum lost when the 'jet' is reconstructed as a muon. We only need the mis-tag rate as a function of jet p T . In [67] , this was parameterized by a simple linear function. For b/c-jets faking muons, we simply scale the mis-tag efficiency curve of the light jet by
as suggested in [90, 91] . (This may be pessimistic, see [96] .) After reweighting the multi-jet events (4j, 4c, 4b, 2b2j, 2b2c, 2c2j) according to these fake rate curves and applying preselection criteria, we find that irreducible DY backgrounds appear dominant when requiring zero or two b-tags. Therefore, for the analyses presented in Sec. III A and III B, fake muon backgrounds can be safely ignored. For a single b-tag, fake background may be competitive with DY and tt after the preselection cuts, but adding that channel in any case does not improve sensitivity. For the jet-substrcture analysis presented in §III C, the fake background may be important, as there we require only one b-tag. For this, a careful experimental study, using a data-driven background estimate, is required.
